Objective: Thyroid ultrasound is crucial for clinical decision in the management of thyroid nodules. In this study, we aimed to estimate and compare the performance of ATA, AACE/ACE/AME and ACR TI-RADS ultrasound classifications in discriminating nodules with high-risk cytology. Design: Cross-sectional study. Methods: 1077 thyroid nodules undergoing fine-needle aspiration were classified according to ATA, AACE/ACE/AME and ACR TI-RADS ultrasound classifications by an automated algorithm. Odds ratios (ORs) and receiver operating characteristic (ROC) curves for high-risk cytology categories (TIR3b, TIR4 and TIR5) were calculated for the different US categories and compared. Results: Cytological categories of risk increased together with all US classifications' sonographic patterns (P < 0.001). The diagnostic performance (C-index) of ACR TI-RADS and AACE/ACE/AME significantly improved when adding clinical data as gender and age in the regression model (P < 0.001). A significant difference in the final model C-index between the three US classification systems was found (P < 0.029), with the ACR TI-RADS showing the highest nominal C-index value, significantly superior to ATA (P = 0.008), but similar to AACE/ACE/AME (P = 0.287). ATA classification was not able to classify 54 nodules, which showed a significant 7 times higher risk of high-risk cytology than the 'very low suspicion' nodules (OR: 7.20 (95% confidence interval: 2.44-21.24), P < 0.001).
Introduction
Thyroid nodules are a common clinical problem affecting up to two-thirds of the general population (1, 2) , with 7-15 percent that are definitely proved to be thyroid cancer depending on age, sex, radiation exposure history, family history and other factors (3, 4) . Since about 90% of thyroid nodules are benign, it is crucial to correctly stratify the malignancy risk of the nodules to avoid a huge number of unnecessary invasive procedures and/or surgery.
Thyroid ultrasound (US) examination is considered the gold standard for the initial stratification of thyroid lesions, thus determining the need for fine-needle aspiration (FNA) (5) . Cytological results from FNA are the main harbinger of clinical decisions, indicating whether surgery should be advised. However, an improper use of FNA has the risk of increasing healthcare expenditures and even of inappropriately referring patients to surgery in case of indeterminate cytology. Thus, a correct US screening is a crucial step for adequate management of such prevalent disease.
In order to achieve a reliable identification of thyroid nodules with cancer risk, specific US features suggestive of malignancy have been recognized and described in literature, namely hypoechogenicity, irregular or blurred margins, microcalcifications, taller than wider shape and vascular signals (6, 7) . These features have been included in different US classifications developed over the years (8, 9, 10, 11) . In 2016, the American Thyroid Association (ATA) and subsequently the American Association of Clinical Endocrinologists (AACE), American College of Endocrinology (ACE) and Associazione Medici Endocrinologi (AME) published US classification of thyroid nodules to facilitate the selection of nodules for FNA cytological analysis (12, 13) . The revised ATA guidelines (12) propose five sonographic patterns related to increasing risk of malignancy: benign, very low, low, intermediate and high suspicion. Recently, the updated joint AACE/ACE/AME 'Medical Guidelines for Clinical Practice for the Diagnosis and Management of Thyroid Nodules' (13) also proposed a different classification of thyroid nodules contemplating the use of three US malignancy risk categories: low (class 1), intermediate (class 2) and high (class 3). More recently, the American College of Radiology (ACR) has proposed a new US-based risk stratification system, the Thyroid Imaging Reporting and Data System (TI-RADS), to provide guidance regarding management of thyroid nodules on the basis of their US appearance (14) . All three guidelines for the management of thyroid nodules recommend using the proposed US criteria together with nodule size thresholds to decide whether an FNA should be advised.
While the ATA system and the ACR TI-RADS have been widely used in clinical studies, the performance of the AACE/ACE/AME classification has barely been analyzed in comparison with the other two classifications. The purpose of this study is to estimate and compare the performance of ATA, ACR TI-RADS and AACE/ACE/AME US classification systems in discriminating nodules that are more likely to have a high-risk cytological result.
Subjects and methods
The protocol of this cross-sectional study complies with the Declaration of Helsinki and was approved by the Ethic Committee of the Campus Bio-Medico University, Rome, Italy. Data about US features of all nodules undergoing FNA from January 2015 to May 2016 at the Unit of Endocrinology and Diabetes of the Campus Bio-Medico University of Rome were retrieved from medical records. As this is an observational real-world study, nodules were triaged for biopsy by clinicians in charge of the patients. Therefore, all FNAs were performed based on an impartial clinical indication, independent from the study. US scan of thyroid gland and neck area and US-guided FNA of thyroid focal nodules were performed by experienced physicians at the Unit of Endocrinology and Diabetes (ALP, GBA). Thyroid US was performed at a frequency range of 10-12 MHz on a MyLab 50 (Esaote, Genova, Italy). Nodules were then classified according to ATA, AACE/ACE/AME US and ACR TI-RADS risk stratification criteria without prior knowledge of the cytological results. To allow an unbiased and blinded classification, each nodule was categorized by an automated algorithm. Briefly, based on the description retrieved form medical records, a yes or no answer to each of the following features derived from the ATA, AACE/ACE/AME and ACR guidelines (12, 13, 14) were input, for each nodule, into a Microsoft Excel worksheet: purely cystic, more than 50% cystic, eccentric solid area, spongiform, spongiform with internal vascularization, mixed cystic and solid, solid hypoechoic (or slightly hypoechoic according to the AACE/ACE/AME), solid marked (or very) hypoechoic, solid isoechoic, hyperechoic, macrocalcifications, microcalcifications, internal hyperechoic spots, calcified rim, irregular margins, taller than wide shape, rim calcifications with small extrusive soft tissue component, evidence of extrathyroidal extension/ suspicious nodes. Then, by using a pre-specified coding developed according to the above-mentioned guidelines, the software combined all the yes or no answers and automatically assigned one ATA, one AACE/ACE/AME and one ACR TI-RADS category to each nodule (output). The investigator responsible for data input was blinded for cytological results.
FNA was performed by freehand technique under US guidance, using a 23-or 25-gauge needle. On average, 1-2 passes were performed for each nodule. Crossing thyroid vessels was avoided to prevent local bleeding; in mixed nodules, solid areas were chosen. Cytology specimens were evaluated by expert cytopathologists (EP, CT) at the Unit of Pathology conforming to Italian Reporting System for Thyroid Cytology (15) as follows: TIR1 (non-diagnostic), TIR1C (non-diagnostic-cystic), TIR 2 non-malignant/benign, TIR3a (low-risk indeterminate lesion), TIR3b (high-risk indeterminate lesion), TIR 4 (suspicious of malignancy) or TIR 5 (malignant). Nodules with TIR1 cytology were excluded from the study. Nodules with TIR1c cytology were included in the study and were considered clinically non-malignant/benign.
Non-diagnostic cytological specimens resulted from both solid and cystic lesions. Thyroid cancers are predominantly solid; in this setting, a scant cellular sample is deemed non-diagnostic. Cyst fluid may yield only macrophages, but the risk of malignancy is low for these lesions if they are simple and under 3 cm. For this reason, these cases are separated from inadequate specimens obtained from solid lesions and are reported as non-diagnostic followed by the subcategory 'cyst fluid only'. In the proper clinical setting (e.g., US evidence of a simple, unilocular cyst), these specimens may be considered clinically adequate, even though they are reported as non-diagnostic (16) .
All cytologic samples were also reviewed by a third pathologist (AC). In case of disagreement, definitive reporting was achieved by mutual consensus. A preliminary analysis of 251 nodules with definitive pathology diagnosis served as internal validation to confirm the significant risk of malignancy associated to TIR3b, TIR4 and TIR5 categories (Supplementary material, see section on supplementary data given at the end of this article).
Statistical analysis
Values are expressed as mean ± s.d. or median (interquartile range (IQR)) for continuous variables and as proportions for categorical variables (%). Shapiro-Wilk normality test was used to assess the normality of continuous variables distributions (variables with Shapiro-Wilk statistic <0.9; P values <0.05 were considered non-normally distributed). Groups were compared by analysis of variance, KruskalWallis, chi-square and Fisher's exact test depending on distribution.
Binary logistic regression was used to evaluate the odds ratios (ORs) of malignant cytology based on one or more predictors, and the areas under the receiving operator characteristic (ROC) curves, or C-index, of regression models were tested for equality (17) . Nonparametric variables were natural log-transformed before testing in the model. The binary dependent variable 'cytological high-risk nodules' was defined according to abovementioned preliminary analysis (Supplementary data). In particular, the cytological categories TIR3B, TIR4 and TIR5 were considered as 'cytological high-risk' categories. Sensitivity, specificity, positive and negative predictive values for 'cytological high-risk' were calculated for each US category separately in the three classifications.
In the context of this study, sensitivity is the probability that each US category will include a lesion with high-risk cytology. Likewise, specificity is the likelihood that a US category will exclude a lesion with high-risk cytology. Positive predictive value (PPV) is the percentage of nodules in a given US category with a highrisk cytology diagnosis. Conversely, negative predictive value (NPV) is the percentage of nodules in a given US category without a high-risk cytology diagnosis.
Statistical significance was set for P values <0.05. Stata/IC 12.1 software (StataCorp) and Prism 7.0a Software (GraphPad Software) were used for data analysis and graphic representations.
Results
A total of 1169 thyroid nodules in 946 patients (79% females) aged between 16 and 88 years (mean age ± s.d. 56.0 ± 13.3) were screened. After exclusion of TIR1C  1  4  9  7  6  2  29  TIR2  35  2  175  132  323  61  728  TIR3A  9  0  32  33  111  22  207  TIR3B  2  0  2  8  19  6  37  TIR4  1  0  2  3  5  9  20  TIR5  6  0  2  0  16  32  56  Tot  54  6  222  183  480  132  1.077 TIR1 nodules were excluded. P value for distribution of proportions among categories: <0.001. Tables 1, 2 and 3 respectively. Overall, the cytological categories of risk increased together with US classifications' sonographic patterns (P < 0.001). Fifty-four nodules did not match any sonographic pattern proposed by the ATA and were categorized as 'ATA unclassified'. Nine (16.7%) of the 'ATA unclassified' nodules were cytologically high risk (2 were TIR3b, 1 was TIR4 and 6 were TIR5). A lower number of nodules (n = 28) did not match the US categories proposed by the AACE/ACE/AME and were categorized as 'AACE/ACE/AME unclassified'. Of these, only one was cytologically high risk (TIR3b). All nodules match one US category proposed by the ACR.
Malignancy risk associated with US categories
AACE/ACE/AME class 3 nodules were 12 times more likely of being cytological high risk than class 1 nodules (OR: 12.44 (95% CI: 3.87-39.95), P < 0.001). Class 2 nodules also showed an increased risk compared to class 1, even though this was not statistically significant (Fig. 1A) . The few nodules that remained unclassified by using the AACE/ACE/AME system showed a comparable risk to class 1 nodules. According to the sonographic patterns proposed by the ATA, all six nodules classified as 'benign' showed a cytology consistent with non-malignant nodules (four were TIR1c and two were TIR2). When compared to the 'very low suspicion' category, both the 'intermediate suspicion' (OR: 3.27 (95% CI: 1.37-7.83), P = 0.008) and the 'high suspicion' categories (OR: 19.91 (95% CI: 8.21-48.29), P < 0.001) showed a significant increased risk of malignant cytology. Of note, the nodules that remained unclassified by using the ATA US classification system had a significant 7 times higher risk than the 'very low suspicion' nodules (OR: 7.20 (95% CI: 2.44-21.24), P < 0.001) (Fig. 1B) .
Benign (TR1) nodules according to the ACR TI-RADS classification system had similar odds of malignancy when compared to not suspicious nodules (TR2). There was a stepwise increased risk of malignancy for nodules categorized within the TR3 (OR: 2.77 (95% CI: 0.97-7.92), P = 0.057), TR4 (OR: 4.08 (95% CI: 1.60-10.42), P = 0.003) and TR5 categories when compared to not suspicious nodules (OR: 24.63 (95% CI: 9.45-64.23), P < 0.001) (Fig. 1C ).
An inverse relationship between nodule diameter and risk of malignancy was found (β = −0.042 (95% CI: −0.069 to −0.015), P = 0.002) but disappeared after adjustment for US categories.
Diagnostic accuracy of the three US classification systems
Sensitivity, specificity, PPV and NPV of all ATA AACE/ ACE/AME and ACR TI-RADS US categories are reported in Tables 4, 5 and 6, respectively. The area under the ROC TIR1C  7  12  4  6  29  TIR2  17  120  347  244  728  TIR3A  3  19  83  102  207  TIR3B  1  1  13  22  37  TIR4  0  2  4  14  20  TIR5  0  0  5  51  56  Tot  28  154  456  439  1.077 TIR1 nodules were excluded. P value for distribution of proportions among categories: <0.001. TIR1C  17  4  1  4  3  29  TIR2  38  158  149  332  51  728  TIR3A  6  33  33  113  22  207  TIR3B  1  2  10  18  6  37  TIR4  1  2  1  8  8  20  TIR5  0  1  2  20  33  56  Tot  63  200  196  495  123  1.077 TIR1 nodules were excluded. P value for distribution of proportions among categories: <0.001.
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A Lauria Pantano, E Maddaloni and others Thyroid US classifications and cytology www.eje-online.org curves (ROC-AUC) for malignant cytology of regression models based on ACR TI-RADS or AACE/ACE/AME US categories significantly improved when adding age and gender in the model (P < 0.001 for both, with younger age and male gender associated with increase malignancy risk).
The improvement was not significant when age and gender were added in the model based on ATA classification system (P = 0.161). Overall, there was a significant difference in the contribution of the addition of ATA vs AACE/ACE/AME vs ACR TI-RADS US categories in the model including age and gender for the prediction of high-risk cytology (P < 0.029) (Fig. 2) . In particular, the comparison of the C-indexes of models all accounting for age and gender, but differing for the US classification system, showed the model with ACR TI-RADS having the highest C-index (0.777 (95% CI: 0.729-0.825)), followed by AACE/ACE/AME (0.763 (95% CI: 0.718-0.808)), while the system proposed by the ATA showed the lowest C-index (0.711 (95% CI: 0.655-0.767)). While the difference in C-indexes between the models with ACR TI-RADS vs AACE/ACE/AME categories was not significant (P = 0.287), the C-indexes of both models were significantly higher than the C-index of the model accounting for the ATA categories (P = 0.008 vs ACR TI-RADS and P = 0.036 vs AACE/ACE/AME).
Discussion
The use of classification systems largely improves communication among clinicians and helps in standardizing clinical practice. When different systems are available, the choice of the best instrument may be a challenge. In this study, we showed that all the ATA, AACE/ ACE/AME and ACR TI-RADS US classifications provide an effective malignancy risk stratification for thyroid nodules, based on the FNA result. We also demonstrated that the ability of these schemes in recognizing malignancy can be further improved by considering age and gender. Finally, we found significant differences in the overall performance for the identification of nodules that will result in a high-risk cytology category, with the ACR TI-RADS having the highest C-index, similar to the AACE/ ACE/AME, but significantly higher than the ATA scheme. Our data highlight some relevant dissimilarities between the three US systems. When considered separately, the AACE/ACE/AME highest risk category provided the highest sensitivity but low specificity, while the ATA and the ACR TI-RADS highest risk categories provided high specificity but low sensitivity. Furthermore, both the ATA and the AACE/ACE/AME, but not the ACR TI-RADS, tools did not allow the classification of nodules clinicians often deal with (up to 5% in the ATA and up to 2.6% in the AACE/ACE/AME systems). However, only the ATA classification system missed a significant proportion of nodules with a malignant cytology.
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Figure 1
Odds ratio for cytological high-risk nodules by AACE/ACE/AME categories when compared to not suspicious nodules.
We also found a lower rate of malignancy within the ATA high-suspicion category (35.6%) and within the AACE/ACE/AME class 3 nodules (19.8%) compared to what was expected based on the data reported by the societies in their guidelines (70-90% and 50-90% respectively). The lower PPV we found could be in part explained by the low proportion of malignant nodules (10.5%), anyhow aligned with the Italian thyroid cancer incidence (18) . Before us, other authors also found lower than expected malignancy rates within the highsuspicion pattern compared with the range expected per ATA guidelines (19, 20) , nevertheless higher than our data. Different from our study, Yoon et al. excluded nodules less than 10 mm in the maximum diameter and nodules with indeterminate US-guided FNA, thus probably overestimating the malignancy risk (19) . On the contrary, in the recently published paper by Persichetti et al. (20) , the rate of malignancy of AACE/ACE/AME class III nodules was found in the expected range, as a result of an overall lower proportion of nodules categorized as class III (23.8% vs 40.8% in our series). This study had a retrospective design similar to our study and compared the ATA and the AACE/ACE/AME US stratification systems with that proposed by the British Thyroid Association, claiming for studies like ours evaluating the accuracy of the most recent classification proposed by the ACR TI-RADS (20) .
Despite the difference in the C-index of the ATA and the ACR TI-RADS, the predictive values of the highest US categories of both classifications (TR 4 and 5 vs ATA intermediate and high suspicion) were similar. This suggests that the low C-index of the US system proposed by the ATA is mostly due to the nodules this classification was not able to classify. Similar to previous reports (18) , also in our study, nodules that were not classified into a specific ATA sonographic pattern had a relatively high risk of malignancy (OR 7.20), also higher than intermediatesuspicion US-pattern. In our dataset, ATA-unclassified nodules were isoechoic solid nodules with at least one of the following additional features: irregular margins, microcalcifications or mixed calcifications, or nonparallel shape (Fig. 3) . While hyper-to isoechoic appearance has been associated to a benign behavior (9, 21, 22 ) the presence of additional suspicious US features such as microlobulated or irregular margins, microcalcifications or mixed calcifications, or nonparallel shape should suggest the needs for FNA with similar standards to those with indeterminate suspicion patterns (18) . In this setting, some studies reported that the follicular variant of papillary thyroid cancer (FVPTC) shows a relatively benign sonographic appearance (23, 24, 25) , in particular when larger than 1 cm (26). Of note, about 80% of our cytologically malignant ATA US-unclassified nodules were FVPTC at the definitive histological examination. However, recently, Trimboli et al. showed that the ATA classification may aid in the risk stratification of thyroid nodules with indeterminate FNA cytology (27) , even though the US risk stratification systems have an overall sub-optimal diagnostic accuracy in discriminating malignant lesions in this setting (28) .
A further significant improvement in the ROC areas under the curves was achieved by adding in the model also age and gender. This confirms that clinical decisions should never be made based only on US features, but a complete clinical assessment of patients with thyroid nodules is always needed. The literature indicates higher malignancy rates in individuals below 16 or above 45 years of age (29, 30) , while contrasting data about a gender predominance have been published (29) . Besides age and gender, other clinical parameters such as TSH levels and thyroid autoimmunity have been shown to improve US diagnostic accuracy in differentiating benign from malignant nodules (31, 32, 33) . The AACE/ACE/AME societies also suggest considering elastography as an additional US technique complimentary to gray-scale US in the evaluation of thyroid nodules. Elastography provides information about nodule stiffness, and it has shown high sensitivity for thyroid carcinoma. The combination of elastography with B-Mode US significantly improved sensitivity and specificity of US features (34) . Therefore, the accuracy of the AACE/ACE/AME categories might improve if using elastography.
Finally, although larger size should be considered as a risk factor for malignancy (35) There were some limitations to this study. First, the final diagnoses were based on the cytopathology and not on surgical histology, which may cause false-negative and false-positive results. However, the probability of false diagnosis in TIR 2 and TIR 5 categories is low at <3 and <1%, respectively, as compared to histopathology (15) . Moreover, the preliminary analysis conducted on nodules with definitive histology confirmed the significant risk of malignancy associated to TIR3b, TIR4 and TIR5 categories and P = 0.036 vs AACE/ACE/AME). *P-value for differences between the three models. (36) . Since size thresholds differ between the three guidelines, future studies should address whether the different criteria for FNA have different outcomes and whether size cutoffs should be changed to improve the accuracy of the proposed criteria.
In conclusion, our study shows the US classification systems proposed by the ATA, the AACE/ACE/AME and the ACR differ in their ability for the identification of nodules at high risk of malignancy. In particular, the ACR TI-RADS classification system has the highest ROC-AUC for the identification of cytological high-risk nodules and is the only US scheme able to classify all thyroid nodules. Our results confirm a relevant limit of the ATA classification which leaves 'unclassified' nodules at relatively high risk of malignancy. Finally, our analysis suggests that an improvement in the performance of all classifications is achieved by considering other clinical parameters such as age and gender.
